Wave concentration beyond the diffraction limit by transmission through subwavelength structures has proved to be a milestone in high-resolution imaging. Here, we show that a sound wave incident inside a solid over a diameter of 110 nm can be squeezed through a resonant meta-atom consisting of a nanowire with a diameter of 5 nm equal to /23, where  is the incident acoustic wavelength, corresponding to a transmission efficiency of 500 or an energy densification of ~14,000. This remarkable level of extraordinary acoustic transmission is achieved in the absence of ultrasonic attenuation by connecting a tungsten nanowire between two tungsten blocks, the block on the input side being furnished with concentric grooves. We also demonstrate that these "solid organ pipes" exhibit Rayleigh end corrections to their effective longitudinal resonant lengths notably larger than their in-air analogs. Grooves on the output side lead to in-solid directed acoustic beams, important for nanosensing.
INTRODUCTION
Since the discovery of enhanced optical transmission through an array of subwavelength holes in a metal film, much work has been performed to study this effect and optimize it (1) . Extraordinary transmission, i.e., the passage of more wave energy than expected by geometrical considerations through small subwavelength apertures, is a metamaterial-related phenomenon based on local resonances and is not confined to a particular wave type. After being demonstrated for electromagnetic waves (2) , extraordinary acoustic transmission (EAT) was also subsequently shown to be possible (3) . The acoustic case promises lower losses, higher performance and applications mirroring the optical case, for example, in acoustic focusing, imaging, or sensing. EAT was first demonstrated for bulk acoustic waves in liquid-solid and air-solid systems (3) (4) (5) (6) (7) (8) by means of Fabry-Pérot (FP) or surface wave resonances in arrays of subwavelength holes or slits. Following on from progress in optics (9) (10) (11) , coupling FP resonances in holes or slits with adjacent grooved architectures (12) (13) (14) (15) was also shown to give rise to efficient transmission of bulk acoustic waves. In addition, geometries consisting of stacks of perforated plates (16) or systems with different fluids on either side of a perforated plate (17) have been shown to exhibit EAT. Likewise for metamaterials involving airborne sound with zero effective density based on the use of membranes (18, 19) or zero effective compressibility based on the use of Helmholtz resonators (20, 21) , with transmission efficiencies up to ~100 (18, 19) . However, although EAT has been demonstrated for surface acoustic waves on solids (22) , it has not been demonstrated for bulk waves in solids, a geometry with potential applications in solid-state acoustic wave concentration and focusing. In contrast to the case of EAT involving fluids in which significant viscoelastic losses occur, record values of the transmission efficiency are expected for bulk waves in solids.
Here, we demonstrate extraordinary bulk-wave acoustic transmission inside a solid structure for the case of a tungsten nanowire, acting as a gigahertz acoustic meta-atom, that is connected between two tungsten blocks. By including concentric grooves of optimal dimensions, we show how the EAT efficiency can be markedly increased to a value exceeding 500 for longitudinal waves and how directed output beams-similar to those found in fluid-solid systems (12, 14) -can be produced, a scalable result that should prove useful for future imaging and sensing applications.
RESULTS

Geometry and analysis
We study the case of a cylindrical tungsten nanowire (23) (24) (25) of length L = 40 nm and diameter d = 5 nm joining two tungsten blocks, as shown in Fig. 1 (A and E) . We investigate the three generic geometries shown in Fig. 1 (B to D) by means of numerical simulations (see Materials and Methods): when no grooves are on the block surfaces, when concentric circular grooves are on the wave input side block, and when these circular grooves are on both the wave input and wave output side blocks.
The longitudinal wave energy spectrum T(f ) 2 [where T(f ) is the amplitude transmission coefficient] is evaluated by integrating the Fourier modulus of the square of the acoustic dilatation over input and output analysis regions in the form of a disc and a hemispherical shell, respectively (see Fig. 1A and Materials and Methods). The transmission efficiency (f ) is given by
where D is the diameter of the input analysis region and d 2 /D 2 is the fraction of transmitted acoustic energy calculated on the basis of relative areas alone. The condition (f ) > 1 for a particular frequency f corresponds to a transmission that is greater than expected on the basis of relative areas, i.e., to EAT.
Case of no grooves
The results for the simulated transmission efficiency spectra are presented in Fig. 2 . Figure 2A shows the transmission efficiency spectrum (f) when no grooves are on the blocks. Resonant peaks occur at integral multiples of 46.5 GHz. By analogy with the theory of organ pipe resonances, we may write (26) 
where integer n is the FP resonance mode order of the lowest-order radial modes in the nanowire and v e = 4320 m s −1 is the velocity of extensional acoustic waves in tungsten (see Materials and Methods) (27) . Flexural waves are precluded as a result of the chosen cylindrical symmetry. As with the case of air-filled open pipes, we use a corrected length L′ = L + 2 L, analogous to the standard in-fluid Rayleigh correction (28, 29) that accounts for the extra mass set in vibrational motion outside the nanowire ends. For the case of our nanowire aspect ratio L/a = 16, we find ∆L = 1.26a, where a = d/2 is the nanowire radius. The frequencies f n predicted in this way agree well with the simulations (see vertical dashed lines in Fig. 2A) . Similar values of ∆L ~ 1.2a are found for 10 ≤ L/a ≤ 30 (see the Supplementary Materials). This is significantly larger than the equivalent case of open flanged pipes for which ∆L = 0.85a for /2 ≫ a (25) .
The velocity of bulk longitudinal waves [v l = 5410 m s −1 for tungsten (27) ] is larger than that inside the nanowire, and mode conversion to shear and surface waves occurs at the ends, which make evaluating ∆L more complicated. Boucher and Kolsky (30) have shown that for an isotropic rod in frictionless contact with a half-space, the acoustic reflection coefficient depends on the aspect ratio L/a, v e , v l , and Poisson's ratio  [considered here for tungsten to be 0.35 from (27) ]. By calculating the acoustic phase change on reflection inside the nanowire, one can determine the end correction from the equation
where R is the complex acoustic reflection coefficient for extensional sound waves of angular frequency  (see details in the Supplementary Materials). We derive from this theory an end correction ∆L = 1.40a for L/a = 16, greater than the simulation value. This disparity holds true over a wide range of aspect ratios L/a from 8 to 30 (see fig. S1 ) (28, 31) ]. However, in our case, the rod is connected to two half-spaces rather than being in frictionless contact, resulting in a stiffer end condition. This raises the resonant frequency and lowers ∆L, as observed. The end correction for the solid case is important for understanding resonances in nanowires and nanorods (32) (33) (34) and thermal conduction therein (35) . Apart from the frequency f 1 , the associated quality factor Q = 14 also depends on the reflection coefficient inside the nanowire (see the Supplementary Materials) (36) .
The resonances in the nanowire and transmitted waves can be visualized from x-y plane dilatation fields and x-direction amplitude profiles shown for each resonance in Fig. 2 (B to D) and from the field plot of Fig. 3A . This solid-state reincarnation of a free-free boundary condition at the open ends of a flanged pipe gives rise to antinodes at the extremities, visible in the images. Spherical radiation, surface waves, and the presence of intense acoustic fields just outside the nanowire ends are also evident. A maximum transmission efficiency  just greater than 1.5 is obtained on resonance n = 1 (corresponding to approximately half an acoustic wavelength over the nanowire length), only barely classifying as extraordinary transmission.
Grooves on the input side
Concentric grooves on the input side are expected to enhance transmission (12-15) because leaky surface-guided modes in the fluid, referred to as spoof surface acoustic waves (37), help concentrate resonant acoustic energy through the aperture. In the present case, the grooves are expected to play an equivalent role by mode converting longitudinal waves to surface acoustic waves guided in the solid in the region of the grooves, thereby channeling more acoustic energy through the nanowire, although this has never been tested. By analogy to the fluid-solid case (12, 13) , resonances are introduced at frequencies approximately given by
where p is the groove pitch, integer m is the mode number, and v R = 2470 m s −1 is the Rayleigh wave velocity on a flat tungsten surface (see Materials and Methods). The groove geometry is optimized for maximum  at m = n = 1 when f G1 = f 1 , with N = 8 grooves, obtained by tuning each geometrical parameter depicted in Fig. 1E : pitch (p), width (w), height (h), and first groove position (q) (see the Supplementary Materials).
The spectrum (f ) plotted in Fig. 2E is obtained with the optimized parameters p = 50 nm, w = 6 nm, h = 14 nm, and q = 44 nm and again shows a series of peaks, the first peak still lying at 46.5 GHz. Also shown for the first two resonances in Fig. 2 (F) and (G) are the x-y plane dilatation fields and y direction amplitude profiles, clearly revealing the marked effect of the surface acoustic wave resonances. Maximum  corresponds to m = 1 in Eq. 4, which predicts f G1 = 49.4 GHz (see vertical dotted line in Fig. 2B ). Surface-wave acoustic dispersion induced by the periodic concentric groove array accounts for the slight difference with the simulated frequency and also for the split second and third resonances (38) .
The grooves lead to a marked enhancement in  by a factor of ~330 and to the giant efficiency  ≈ 500 for n = m = 1. This is considerably larger than previous best values ~100 obtained in acoustics (12, 18, 19) and optics (11) . The acoustic energy density inside the nanowire is enhanced by factor of 14,100 (see the Supplementary Materials for details of the calculation) (39) . The value  ≈ 500 corresponds to squeezing the longitudinal acoustic energy incident on the system over a diameter of ~112 nm through the nanowire with a diameter of 5 nm equal to /23, where  = 116 nm. This high acoustic concentration is a promising result for future solid-state applications, such as nanoparticle detection or imaging beyond the diffraction limit. Increasing the number of grooves N continues to give an improvement in  on first resonance up to the maximum of N = 14 investigated, at which point the value  = 650 is reached (see the Supplementary Materials).
Grooves on both the input and output sides
A modified output acoustic field results from additional grooves being present on the output side (12, 14, 40) , as shown in Fig. 1D . Acoustic fields for the three geometries considered are shown in Fig. 3 from surface acoustic waves to longitudinal waves, their coherent superposition giving rise to diffraction lobes. The result is a directed beam of longitudinal waves traveling axially, as is evident in the image in Fig. 3D , representing the modulus of the temporal Fourier transform of the dilatation. Animations of the EAT at the first resonance and in the time domain in the three cases can be viewed in Supplementary Movies. This axial concentration of longitudinal acoustic energy inside a solid should prove invaluable for acoustic wave concentration on the nanoscale in sensor applications such as single-nanoparticle detection.
DISCUSSION
So far, we have ignored the effects of ultrasonic attenuation. Figure 4 shows a plot of the simulated normalized efficiency / max at the n = 1 resonance in the cases with and without grooves on the input side as a function of the ultrasonic attenuation L of the nanowire and block material, where  is the ultrasonic attenuation coefficient and  max is the value of  for  = 0. (In the calculation of , account is taken of the effect of wave propagation from the source to the nanowire input and from the nanowire output to the sampling region. The case of grooves on both the input and output sides is expected to be very similar to that of grooves on the input side.)  monotonically decreases with increasing L with and without the inclusion of grooves and somewhat faster in the former case owing to the extra surface wave attenuation on multiple reflection by the grooves. For L > 0.023 in the case of grooves on the input side,  decreases by more than a factor of 2. For the n = m = 1 resonance at ~50 GHz in tungsten, at which frequency  = 1.3 m −1 (41), we predict a decrease in  by a factor of ~4.7 compared to the case of no attenuation, yielding  ≈ 110. However, our results are perfectly scalable to larger dimensions for which ultrasonic attenuation would be negligible at this resonance. Moreover, crystals such as silicon, as used in (22) for surface wave extraordinary transmission, would have negligible ultrasonic attenuation at room temperature for the present nanowire dimensions (42) .
In conclusion, we have investigated the EAT of bulk acoustic waves confined inside a solid structure. The case of a tungsten metaatom consisting of a subwavelength diameter solid cylinder connecting two solid tungsten half spaces is found to transmit more longitudinal acoustic energy than that predicted by geometrical considerations alone, producing EAT with efficiency  ≈ 1.5 at the first FP extensional resonance in the absence of ultrasonic attenuation. Eight concentric grooves of optimized dimension and position on the input surface that tune the first surface wave resonance to the first extensional resonance give rise to a transmission efficiency enhanced by a factor of ~330 compared to the case with no grooves, yielding the giant value  ≈ 500, with further enhancement up to  ~ 650 shown to be possible by increasing the number of grooves. This unprecedented behavior is unexpected in the sense that bulk longitudinal waves in solids suffer from extra losses owing to conversion of energy on scattering to shear waves. However, despite this, the result we find is a record, giant transmission enhancement. It may even be possible to achieve future efficiency increases by changing the material or adding a cavity to the cylinder (22) . Our results were obtained for a nanowire with a diameter of 5 nm at ~50 GHz and  ~ 120 nm, although, as mentioned above, the results are scalable to larger dimensions and lower frequency ranges for which ultrasonic attenuation is negligible. These results should therefore also be of importance for isotropic or anisotropic solidstate geometries designed for the kilohertz-megahertz regime, leading to applications in millimeter to micron-scale acoustic transduction, sensing, and metamaterials. We fully expect that our predictions would be easier to verify with rods of centimeter order in length with the n = m = 1 resonance. At the same time, it would also be interesting to investigate whether incident shear waves, which would couple to flexural waves in the rod, also show extraordinary transmission.
However, nanoscale gigahertz-terahertz applications are particularly abundant. Knowledge of the Rayleigh end correction for solid rods should be useful in interpreting results for nanoresonators and in nanometrology applications based on vibrating rods with embedded ends. The inclusion of grooves on the output side may allow the concentration of more energy into acoustic resonant tips for dynamic atomic force microscopy (43), thereby increasing their sensitivity, or may allow the enhancement of thermal phonon transfer in nanoscale cylindrical geometries (35, 44) . In addition, by the use of arrays of nanowires, one could construct acoustic metasurfaces with nanoscale structure that show extraordinary transmission. Lastly, the extreme colocalization of optical and acoustic waves in dielectric or plasmonic nanowires by dual acoustic and optical high-efficiency extraordinary transmission may lead to novel methods for nanoscale acousto-optic modulation.
MATERIALS AND METHODS
Time-domain finite element method simulations are carried out with the commercial software package PZFlex (Weidlinger Associates Inc.), exploiting the axial symmetry of rotation about the x axis. Acoustic excitation is achieved with a disc-shaped broadband pulsed source with a diameter of 800 nm (blue region in Fig. 1A ) that emits plane longitudinal waves in the +x direction at normal incidence on the nanowire. We used an impulsive force in the y-z plane at 600 nm from the nanowire in the x direction consisting of a half cycle of a sinusoid with a frequency of 100 GHz equally distributed over the y-z plane. Absorbing boundary conditions are applied to the lateral and horizontal boundaries. Regions outside the solid structure are assumed to be vacuum. A total of 270 frames are analyzed over a simulation time of 0.6 ns (corresponding to a temporal step of ~2.2 ps). The duration of this simulation time is sufficient for the on-resonance response sampled in the output regions to be significantly attenuated To estimate the longitudinal wave energy transmitted, we analyze the elastic dilatation  =  xx +  yy +  zz , where  xx,yy,zz are the longitudinal strain components (45) along the x, y, and z axes, respectively, as shown in Fig. 1A . The presence of surface waves on the output face only have a minor influence (<10%) on the calculation of (f ). A detailed description of the analysis regions is given in the Supplementary Materials.
SUPPLEMENTARY MATERIALS
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